The key factors of the damping solvent extraction method (DSEM) for the analysis of the unbounded medium are the size of bounded domain, the artificial damping ratio, and the finite element mesh density. To control the simulation accuracy and computational efficiency of the soil-structure interaction, this study establishes a value optimization model of key factors that is composed of the design variables, the objective function, and the constraint function system. Then the optimum solutions of key factors are obtained by the optimization model. According to some comparisons of the results provided by the different initial conditions, the value optimization model of key factors is feasible to govern the simulation accuracy and computational efficiency and to analyze the practical unbounded medium-structure interaction.
Introduction
The rationality of numerical simulation in seismic loads plays an important role in the dynamic response analysis of the soil-structure interaction. With the development of science and technology, the research and application into the soilstructure interaction are of interest to those in the engineering profession and academia. Moreover, many researches on the unbounded media-structure interaction improve the rationality and accuracy of the foundations in frequency and time domains.
The methods for analyzing the soil-structure interaction are currently the artificial boundary method, the boundary element method, and the damping solvent extraction method. The artificial boundary method [1, 2] intercepts the bounded domain and increases the energy transfer system at the outer boundary (such as by a damper or springdamper). But this method is not appropriate for analyzing an irregular foundation. The boundary element method [3] proposes the principle of wave amplitude attenuation of various frequencies far afield and makes a transformation into the time domain. Likewise, this method has a low computational efficiency and does not analyze a complicated unbounded media. However, through introducing and extracting the artificial damping ratio of the bounded medium, the damping solvent extraction method [4, 5] is appropriate for the simulation of the various foundations. Meanwhile, the DSEM implements the mutual conversion in the frequency-time domain and eliminates the convolution operation in the time domain.
Since the DSEM was first presented by Wolf and Song in 1994, some researches have presented gradually the perfect basis theory, the improved computational procedure, and the evaluation of key factors of the soil-structure interaction. In the computational algorithm, a series of calculation procedures had been suggested to improve the accuracy, such as the acceleration input stagger method [6] , the precise step-bystep time integration scheme [7] , and the subregional explicit implicit recursive method [8, 9] . In its practical application, the DSEM was applied to analyze the soil-structure interaction with fractional order [10] , the nonlinear overload of the unbounded medium-arch dam [11] , the impact of pile driving vibration on seawall [12] , and fluid-structure dynamic interaction [13] . In the evaluation of key factors, the causes of the error of the DSEM had been analyzed and described in detail in [14] [15] [16] . Simultaneously, the key factors estimated in [17] [18] [19] have a great influence on the accuracy of the soilstructure interaction.
Mathematical Problems in Engineering
The size of bounded domain and the finite element mesh density were randomly assigned and the artificial damping ratio was limited in a specified scope, so the key influence factors of the DSEM were roughly analyzed both in the analysis and in the application. To meet the requirements of practical engineering and get the optimum solution of key factors, this study analyzes the dimensionless dynamic stiffness coefficients of various mediums and proposes the value optimization model of key factors. The initial conditions of the optimization model are the maximum of the difference function of the dynamic stiffness coefficient, the wave amplitude attenuation, and the maximum finite element number. Numerical verification demonstrates that the value optimization model of key factors can regulate the simulation accuracy and computational efficiency and analyze the practical infinite foundation-structure interaction.
Damping Solvent Extraction Method
The damping solvent extraction method is simply reviewed in this chapter. A bounded domain of the infinite media adjacent to the soil-structure interface is discretized with a finite element meshes shown in Figure 1 .
Implementation in the Frequency Domain.
The procedure of the DSEM consists of the following steps for each frequency, which calculate the dynamic stiffness coefficients of the unbounded medium.
Step 1. In the selected bounded domain idealized as an assemblage of the finite elements, the artificial damping ratio in the domain and the viscous dashpots at the outer boundary serve to attenuate the vibration amplitudes of the outgoing wave and reflected wave. The coefficients of the viscous dashpots per unit surface area at the outer boundary are * in the perpendicular direction and * in the tangential direction. The shear-wave velocity and the dilatation-wave velocity are affected by the factor 1 + 2 . Consider * = √ 1 + 2 , * = √ 1 + 2 ,
where and 0 are the shear modulus and dimensionless frequency, respectively.
Step 2. Eliminating all degrees of freedom, which are located in the medium except the interface, the dynamic stiffness condensed matrix of the bounded medium,̃( ), is transformed from the dynamic stiffness matrix ( ). The dynamic stiffness matrix of the damped bounded foundation is expresses as follows: where , , and are the dimensionless stiffness, damping, and mass matrices.
Step 3. Since the dynamic stiffness coefficient is derived with and the dynamic stiffness condensed matrix of the bounded medium,̃( ), convert to the dynamic stiffness condensed matrix of the unbounded media,̃∞( ), the dimensionless dynamic stiffness condensed matrix,̃∞( * 0 ), is written as follows:̃∞
Taking the first-order Taylor expansion of̃∞( * 0 ), the dynamic stiffness matrix of the undamped unbounded medium is equal tõ
2.2. Implementation in the Time Domain. The mediumstructure interaction force is obtained by the DSEM in the time domain, so the motion equation of the damped bounded medium takes the form
with
where [ ], [ ], and [ ] are the mass, damping, and stiffness matrices, respectively, and { } is the interaction force at the soil-structure interface. The subscript denotes the nodes of the bounded medium at the soil-structure interface and denotes the remaining nodes. Furthermore, the interaction force of the soil-structure was written in [19] :
wherë,̇, and are the displacement, velocity, and acceleration vectors and the unknown and V vectors are provided by the following equations:
Constraint Function
The constraint functions regarded as the essential components are crucial if one wishes to solve the optimization model. Therefore, the references and analysis of the constraint functions are described in detail in this chapter.
Constraint Function of Artificial Damping Ratio.
The dynamic stiffness coefficient ∞ ( 0 ) and the dimensionless dynamic stiffness coefficient ∞ ( 0 ) of the undamped unbounded medium are, respectively, given by
. On the basis of the plural damping coefficient correspondence principle, the dimensionless dynamic stiffness coefficient of the damped unbounded medium is deduced as
where * 0 and 0 are the dimensionless frequencies of the damped and undamped bounded medium.
The dimensionless dynamic stiffness of the damped bounded medium is determined by the size of the bounded domain, / , and the artificial damping ratio :
where 1 and 2 are the vibration amplitudes of the incoming wave and outgoing wave. The dynamic stiffness coefficient of the undamped unbounded medium is calculated by taking the first-order Taylor expansion to eliminate the artificial damping ratio: The various values of the size of the bounded medium and the artificial damping ratio listed in Table 1 are used to analyze the dynamic stiffness coefficients of the undamped unbounded, damped unbounded, damped bounded, and simulating undamped unbounded medium.
When the dynamic stiffness coefficient of the undamped unbounded medium is regarded as the accurate solution, the dynamic stiffness coefficients determined by ( / = 3, = 0.2) shown in Figure 2 indicate that (1) the larger artificial damping ratio increases the difference between the dynamic stiffness coefficient of the undamped and damped unbounded medium; (2) the larger size of the bounded medium reduces the amplitude of the dynamic stiffness coefficient of the damped unbounded medium; (3) the smaller artificial damping ratio and the larger size of the bounded medium lead to the more accurate dynamic stiffness coefficient of the undamped unbounded medium. Therefore, the constraint function of artificial damping ratio is the difference function between the dimensionless dynamic stiffness coefficient of the undamped and damped unbounded medium.
Constraint Function of Size of the Bounded Medium.
Suppose that the artificial damping ratio = ( / ) is zero and the size of bounded medium is / ; − / is the phase angle caused by radiating the shear wave from the interface to the outer boundary of the undamped bounded domain. If the artificial damping ratio is nonzero, the frequency is replaced by − and the phase angle is replaced by − / 1 ⋅ − / 1 . Thus, − / 1 is the attenuation of the wave amplitude in the damped bounded domain.
Due to the addition of the artificial damping ratio into the bounded medium, the wave is reflected by the outer boundary and radiated to the interface. The wave amplitude attenuation function of the initial displacement wave excited at the interface is written as
If the wave amplitude attenuation at the interface is known, the constraint function of the size of bounded medium is transformed from function (15) . Consider
Constraint Function of Finite Element Mesh Density.
In the finite element discretization of the bounded medium, the finite element mesh of only one row, denoted as the "base row," is merely required. denotes the dynamic stiffness matrix of one row of the finite element mesh with length ( Figure 3 ). The same is true for the condensed matrix obtained by eliminating all degrees of freedom except those related to interior nodes:
The formula relates̃1 for exterior nodes to the corresponding matrix of interior nodes̃0:
in which = 1 / 0 = 2 . The dashpots are assigned at the exterior nodes of the base row. Both̃0( 2 −2 ) and̃1 ( 2 −4 ) are calculated by (18) . After removing the dashpots, either̃0( 2 −2 ) or 1 ( 2 −4 ) is assembled at the exterior nodes of the base row for frequency 2 −4 .̃0( 2 −4 ) is calculated by condensing again into the dynamic stiffness matrix for interior nodes.
( ) is obtained by repeating the last process − 2 and the proportionality factor must satisfy
Value Optimization Model of Key Factors
A value optimization model of key factors is proposed to control the simulation accuracy and computational efficiency of the infinite soil-structure interaction. Then the optimum solutions of key factors of the DSEM are obtained by the value optimization.
Design Variable.
Because the optimum values of key factors are provided by solving the value optimization model, the design variables of optimization model include the size of the bounded medium, the artificial damping ratio, the mesh size of finite element, and the proportionality factor.
Objective Function.
The relationship between the size of bounded medium and the finite element mesh density is expressed as
Substituting ( 
Constraint Function.
The constraint function system is composed of the constraint functions of the size of the bounded medium, the artificial damping ratio, and the finite element mesh density as described in Section 2.
The difference function between the dimensionless dynamic stiffness coefficient of the damped and undamped unbounded foundation is expressed as follows:
The results shown in Figure 4 indicate that the smaller artificial damping ratio results in the smaller difference of the dynamic stiffness coefficient and the maximum of the difference function is calculated at the point given by 0 = 1 (Max = Δ (1)).
Taking the accuracy and computational cost of the soilstructure interaction into account, the initial conditions of the optimization model consist of the maximum of the difference function of the dynamic stiffness coefficient, the wave amplitude attenuation, and the maximum finite element number in the bounded medium. Therefore, the value optimization model of key factors based on the DSEM is expressed as follows:
(1) Initial conditions: Max , 0 , Max . 
(4) Constraint functions: Figure 5 is the intercepted plane of a rectangular rigid strip foundation of width 2 and depth embedded in a homogeneous half plane with shear modulus , Poisson ratio V, and artificial damping ratio . The DOFs, vertical (V), horizontal (H), and rocking (R), describe the plane motion of the foundation. The procedure analyzes the dynamic stiffness matrix, ∞ ( 0 ), of the rigid strip on the damped unbounded medium in the frequency domain.
Numerical Verification

Verification in the Frequency Domain
Problem Chosen. A cross section shown in
Let and Δ , ∈ (V, H, R), respectively, denote the amplitudes of the harmonic force and displacement; the vectors are related by the dynamic stiffness matrix: The dynamic stiffness coefficients of the bounded medium are decomposed into the spring coefficient ( 0 ) and the damping coefficient ( 0 ):
Numerical Evaluation.
The discretization of the finite element mesh is shown in Figure 6 , in which the eight-node isoparametric finite element is employed. The finer mesh is utilized near the strip foundation and it becomes coarser away from that with a proportionality factor . The material constants of the foundation are Poisson ratio V = 0.25 and natural damping ratio = 0.05. The various initial conditions of the value optimization model and the corresponding optimum solutions of key factors are listed in Table 2 . The dynamic stiffness coefficient solved by case C1 is seen as the accurate soil-structure interaction.
As the wave amplitude attenuation and the maximum finite element number in the bounded medium are held constant, the maximum of the difference function of the dynamic stiffness coefficient is a variable value. According to the comparison of the dynamic stiffness coefficient of cases C1, C2, C3, C4, and C5 shown in Figure 7 , the smaller maximum of the difference function of the dynamic stiffness coefficient promotes the accuracy of the dimensionless dynamic stiffness coefficient of the unbounded medium.
As the maximum of the difference function of the dynamic stiffness coefficient and the maximum finite element number in the bounded medium remain unchangeable, the wave amplitude attenuation is a variable value. According to the comparison of the dynamic stiffness coefficient of cases C1, C6, C7, C8, and C9 shown in Figure 8 , the larger wave amplitude attenuation improves the accuracy of the dimensionless dynamic stiffness coefficient of the unbounded medium.
As the maximum of the difference function of the dynamic stiffness coefficient and the wave amplitude attenuation are changeless, the maximum finite element number in the bounded medium is a variable value. According to the comparison of the dynamic stiffness coefficient of cases C1, C10, C11, C12, and C13 shown in Figure 9 , the larger maximum finite element number reduces the computational efficiency but enhances the simulation precision of the dimensionless dynamic stiffness coefficient of the unbounded medium. The transient excitation is a prescribed horizontal displacement at the center of the rigid base (with zero values for the vertical and rocking motions)
Verification in the Time
with period = 8 / .
The initial conditions and the optimum solutions by the value optimization listed in Table 3 are realized by the damping solvent extraction method. The interaction force based on the case A1 is regarded as the exact interaction force of the foundation-structure.
Since the maximum finite element number in the bounded medium remains unchanged, the computational efficiency of the unbounded foundation-structure interaction is fixed. The interaction force shown in Figure 11 is calculated by the various initial conditions of the value optimization model of key factors. When the maximum value of the difference function of the dynamic stiffness coefficients is a variable value (such as in cases A1, A2, A3, and A4), the larger wave amplitude attenuation improves the precision of the interaction force; nevertheless, the over-large attenuation has a negligible effect. When the wave amplitude attenuation is changeless (such as in cases A1, A3, A5, and A6), the smaller maximum of the difference function of the dynamic stiffness coefficient increases the accuracy of the soil-structure interaction force.
In summary, the implementation of the unbounded medium-structure interaction in the time-frequency domain illustrates that the alterable initial conditions of the value optimization model of key factors can improve the simulation accuracy and computational efficiency of the interaction, which are made up with the smaller maximum finite element number, the larger wave amplitude attenuation, and the smaller maximum of the difference function between the dimensionless dynamic stiffness coefficients of the damped and undamped unbounded foundation. 
Application
To demonstrate the adaptation of the value optimization model of key factors in practical engineering, the rock foundation-gravity dam shown in Figure 12 The displacement function of the dam at the crest shown in Figure 13 indicates that the simulation precision and computational efficient of the displacement response of the gravity dam can be enhanced by reducing the maximum of the difference function of the dynamic stiffness coefficient and raising the wave amplitude attenuation at the interface and the maximum of finite element number in the bounded medium.
Conclusion
Considering the simulation accuracy and computational efficiency of the soil-structure interaction, this study's aim was to establish the value optimization model of key factors (such as the artificial damping ratio, the size of the bounded medium, and the finite element mesh density). From the impact assessment of the key factors on the dimensionless dynamic stiffness coefficient and the analysis of the interrelation among the key factors, the value optimization model of key factors based on the DSEM was proposed. In additions, the initial conditions of the value optimization model were composed of the wave amplitude attenuation, the maximum finite element number, and the maximum of the difference function between the dimensionless dynamic stiffness coefficient of the undamped and damped unbounded medium. The implementations of the dimensionless dynamic stiffness coefficient and the interaction force demonstrated that the value optimization model of key factors was capable of controlling the simulation accuracy and computational efficiency of the unbounded medium-structure interaction in the frequency and time domain. Finally, the displacement history function at the crest of the gravity dam on the rock foundation indicated that the value optimization model of key factors based on the DSEM was appropriate for analyzing the interaction of the practical unbounded medium-structure.
